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ATP content of rat kidney cortex slices: Relation to a-aminoiso-
butyric acid uptake. ATP was measured in rat kidney cortex
slices incubated in Krebs-Ringer bicarbonate buffer at 37°C and
found to be 0.94 jimoles/g wet weight. The additions of various
metabolic substrates were associated with both elevation and
depression of this level. Octanoate produced the biggest decrease
of ATP to 0.38 jimoles/g. Glucose, malate and succinate did
not alter the level; acetate increased the level slightly. However,
the greatest increase was produced by the addition of ATP to
the medium (1.37 ji moles/g). Anaerobiosis and amytal, dinitro-
phenol, oligomycin and maleic acid additions were all associated
with markedly lowered tissue ATP. The ATP content of tissue
slices stored at 4° C for 24 to 72 hr was about half the value of
fresh tissue slices. The relationship of ATP level to steady state
ci-aminoisobutyric acid uptake was examined. Normal amino
acid uptake was seen over a wide range of ATP levels (0.38 to
1.37 j.tmoles/g). There was no direct correlation of ATP con-
centration with amino acid accumulation. The same decreased
ATP level might be associated with normal uptake or depressed
uptake depending on the means of lowering ATP. Depletion of
ATP by anaerobiosis or metabolic inhibitors was, however,
consistently associated with decreased amino acid uptake.
Contenu en ATP des tranches de cortex renal de rat: Relation
avec Ic prélèvement d'acide a-aminoisobutyrique. L'ATP a été
mesurée dans des tranches de cortex renal de rat incubées dans
du tampon Krebs-Ringer bicarbonate 37° C, Ia valeur obtenue
est de 0.94 j.tmoles/g de poids humide. Les additions de divers
substrats métaboliques ont augmenté ou diminué ces valeurs.
L'octanoate a produit Ia baisse Ia plus importante de l'ATP a
0.38 j.tmoles/g. Le glucose, le malate et Ic succinate n'ont pas
entralné de modification. L'acétate l'a augmenté légCrement et
l'augmentation Ia plus importante a été produite par l'addition
d'ATP elle-méme au milieu (1.37 jimoles/g). L'anaérobiose et
l'addition d'amytal, de dinitrophénol, d'oligomycine et d'acide
maléique ont été associés avec une reduction nette de l'ATP
tissulaire. Le contenu en ATP de tranches de tissu conservées a
4° C pendant 24 a 72 heures était d'environ Ia moitié de celui des
tranches de tissu frais. La relation entre le contenu en ATP et le
prélévement d'acide a-aminoisobutyrique a été étudiée. Le
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prélévement normal de l'amino acide a été observe dans un large
éventail de valeurs de l'ATP (0.38 a 1.37 jimoles/g). II n'a pas
été constaté de correlation directe entre Ia concentration d'ATP
et l'accumulation d'aminoacide. La méme concentration basse
d'ATP peut Ctre associée a un prélévement normal ou diminué
en fonction du moyen utilisé pour abaisser 1'ATP. La depletion
de l'ATP par l'anaérobiose ou les inhibiteurs mCtaboliques a été,
cependant, uniformément associCe avec une diminution du pré-
lévement d'amino acide.
Numerous reports from the laboratory have described
the in vitro use of rat kidney cortex slices for the study
of amino and sugar transport [1—15]. Krebs-Ringer bi-
carbonate buffer is used to provide optimal incubations
for transport without the need for added energy sources.
Indeed, the addition of glucose, fructose and galactose,
which are sugars readily metabolized by kidney cortex
slices, may inhibit amino acid transport [6]. After the addi-
tion of dinitrophenol [1, 3] and maleic acid [5] and also
under the condition of anaerobiosis [11, amino acid uptake
is depressed, indicating that metabolic energy production
is needed for the normal function of the transport mecha-
nism.
The purpose of the present investigation is to examine
the ATP content of kidney cortex slices and its relation
to a-aminoisobutyric acid (AIB) uptake. This was prompted
by two concerns. One is our recent observation that kidney
cortex slices stored at 4° C for 48 to 72 hr will transport
amino acids normally when incubated at 37° C [11]. In
view of the known lability of ATP in kidney cortex, it
seemed likely that ATP would be reduced on storage
and that a study of the ATP content of stored slices would
give insight into the ATP requirement for amino acid
transport. The other concern is the lack of knowledge of
ATP levels in freshly prepared cortical slices incubated
under conditions employed for the many amino acid trans-
port experiments published by us and others. We have,
therefore, assessed the content of this energy yielding
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compound in such slices and determined the effects on
ATP levels of anaerobiosis, storage at 4° C and the addi-
tion of metabolizable substrates and metabolic inhibitors.
Steady state levels of AIB uptake under similar conditions
were studied in parallel. This report presents results which
indicate there is no direct correlation of ATP content
of the renal cortex and AIB accumulation.
Methods
ATP determination. Male Sprague-Dawley rats of the
Charles River strain weighing 125 to 160 g were decapitated
by guillotine and the kidneys immediately removed into
cold Krebs-Ringer bicarbonate buffer (pH 7.35) kept in ice.
Each kidney was halved and after discarding the polar
tip, two cortical slices weighing about 20 mg were made
from each pole with a Stadie-Riggs microtome. The slices
were placed in ice cold buffer. Usually tissue from three
animals was prepared after which three slices, one from
each animal, were placed in a plastic flask containing 2 ml
of Krebs-Ringer buffer. The flask was gassed with 95%
02—5% CO2 for 30 sec, closed and incubated at 37° C.
At the end of the incubation the slices were quickly blotted,
weighed and manually homogenized at 100 mg/mI in
0.6 N perchloric acid containing 1 mivi EDTA in a small
(1 ml) Kontes Duall tissue grinder. After centrifugation for
10 mm at 3000 rpm in an International centrifuge, 0.2 ml
of supernatant was assayed for ATP by the coupled
reaction with 3-phosphoglyceric acid to give I ,3-diphospho-
glycerate with subsequent reduction of the latter with
NADH to give glyceraldehyde-3-P plus NAD, according
to the ATP test kit purchased from Boehringer-Mann-
heim Co. Change in O.D. at 340 mj.t was measured in a
Gilford spectrophotometer. In each study, the effects
of a variable and control were observed in triplicate flasks.
In Tables 1, 2 and 3, where the number of determinations
is greater than three, repeated experiments were pooled.
Assay for ATP was performed in slices incubated
60 mm but frozen on solid CO2 immediately after removal
from buffer. The level did not differ from that determined
as described above.
Recovery of ATP from a standard solution, or from
homogenates to which a standard amount of ATP was
added, was 95%. To be certain that ATP was being
measured in tissue homogenates of both freshly Ørepared
and stored tissues, 100 jig ATPase (potato apyrase, Sigma)
was added and the homogenate incubated 5 mm at 30° C.
Subsequent assay for ATP revealed a reduction of 90%
or more, a result giving confidence that ATP was present
and being assayed in the homogenate.
AIB uptake. The uptake of AIB was performed as
previously described (1—15). Sixty minute incubations were
employed since steady state AIB levels were obtained
within this time for the variable experimental conditions.
Tissue preparation and incubation were as described
above except that 0.07 mi AIB-1-['4C] was added as
substrate. At the end of the 60 mm incubation, the slices
were rapidly dipped in normal saline, blotted, weighed and
placed in 2 ml water which was then placed in a boiling
water bath for 6 mm to extract the amino acid pool.
A 0.2 ml aliquot of this extract and the media were counted
by liquid scintillation technique and the distribution ratio,
the cpm/ml intracellular fluid to cpmjml medium, cal-
culated as described previously [1].
Tissue inulin spaces determined for the experimental
conditions employed were used to assess the distribution
of fluid in the slice.
Since AIB is non-metabolizable, the distribution ratio
represents a concentration gradient and is indicative of
active transport when greater that one.
Tissue storage. Cortical slices were stored in Krebs-
Ringer buffer at 4° C as reported previously [11].
Materials. A1B-1-['4C], specific activity 7.9 mCi/mmole,
was purchased from New England Nuclear Corp. All sub-
strates and inhibitors were commercially obtained. Acid
compounds were neutralized with sodium hydroxide prior
to addition to the flasks. Oligomycin was dissolved in a small
amount of ethanol for use.
Results
A TP content of incubated kidney cortex slices. Slices
of kidney cortex kept in ice cold Krebs-Ringer bicarbonate
buffer had an ATP content of 1.49 pmoles/g wet weight.
This compares well with 1.6 and 1.7 ptmoles/g for rapidly
frozen cortex published by Needleman, Passonneau and
Lowry [16], and Hems and Brosnan [17], respectively. As
soon as the slices were incubated at 37° C, there was a
decrease in ATP to 0.93 jimoles/g after 30 mm, after which
time this level persisted throughout the entire incubation
period (Fig. 1).
The effect of the addition of several substances meta-
bolized by kidney cortex to the incubation medium for
60 mm is shown in Table 1. ATP content was unchanged
by acetate, malate and succinate, slightly decreased by
galactose, somewhat decreased by pyruvate, but markedly
decreased by octanoate. ATP added to the incubation
media was associated with a large increase of tissue ATP.
Assay of the media after 60 mm of incubation showed an
almost total disappearance of the 10 jimoles added to
the 2 ml of buffer. Only a small fraction of the increase
in tissue ATP could be accounted for by ATP present
in the extracellular fluids at a concentration similar to that
in the medium. The loss of ATP added to buffer with rise
in ADP was first reported by Weidemann, Hems and
Krebs [18].
Although the very small difference in ATP after addition
of glucose was determined to be statistically significant
from analysis of our pooled data, the level did not con-
sistently differ from that of control slices analyzed at the
same time in individual experiments.
ATP and c.-aminoisobutyric acid accumulation 103
30 60 90 120 150
Time, mm
Fig. 1. ATP content of rat kidney cortex slices during in vitro
incubation. Experimental details are described under Methods.
Each point represents the average of three determinations SCM.
—.— Newly prepared slices. -•— Slices previously stored at 4°C.
-A— Newly prepared slices incubated anaerobically. —— Slices
incubated anaerobically for 60 mm and then placed in oxygenated
buffer.
Table 1. Effect of metabolizable substances on ATP concentra-
tion and AIB uptake of rat kidney cortex slicesa
Substance ATP
pmoles/g wet weight
AIB uptake,
distribution ratio
None 0.93±0.03 (16) 3.24±0.18 (11)
Glucose 0.82± 0.03 (9)b 2.82± 0.15 (9)1
Galactose 0.72± 0.04 (6)" 2.80± 0.15 (9)"
Malate 0.89± 0.11 (3)
Malate+ Glucose 0.88 0.05 (3)
Pyruvate 0.67 0.04 (3)C
Acetate 1.01±0.01 (3) 2.38±0.15 (6)C
Succinate 0.96 0.13 (3)
Octanoate 0.38 0.05 (6' 3.20± 0.25 (8)
ATP 1.37± 0.10 (3y' 3.07± 0.27 (6)
a Three cortical slices, one from each of three rats, and totaling
about 60 mg wet wt, were incubated for 60 mm in 2 ml Krebs-
Ringer bicarbonate buffer pH 7.35 at 37° C under 95% 02-5%
CO2. Acidic substrates were added as sodium salts and pH was
maintained at 7.35. At the end of the 60 mill incubation slices
were blotted and weighed. ATP was assayed after the slices
were homogenized in 0.6 N perchloric acid as described under
Methods. A1B uptake was determined in separate experiments
as described previously and the results are expressed as the
distribution ratio, the ratio of cpm/ml intracellular fluid to
cpm/ml medium. A1B-1-'4C concentration was 0.07 m.s. All
substrates were 10 m except ATP which was 5 mrvi. All results
are expressed as the mean SCM. Numbers in parentheses are
the numbers of determinations.
"P  0.05 compared to control
C
a
Table 2. Effect of anaerobiosis and various substances known to
influence energy metabolism on concentration of ATP and AIB
uptake by kidney cortex slicesa
Substance Concen- ATP AIB uptake,
tration pmoles/g wet weight distribution ratio
Control 0.94± 0.03 (14) 3.24± 0.18 (6)
Amytal 2.5mM 0.14±0.03 (6) 1.09±0.07 (6)
Dinitrophenol 0.5 m'vi 0.14± 0.02 (3) 1.42± 0.05 (6)
Oligomycin 10 tg/ml 0.16± 0.03 (3) 1.56± 0.11 (6)
Maleic Acid 3mM 0.55±0.03 (6) 2.15± 0.11 (8)
2-Deoxyglucose 20 m 0.64 0.05 (9) 3.20 0.23 (7)"
Anaerobiosis, 0.26± 0.04 (8) 1.11 0.04 (3)
60 mm
Anaerobiosis, 0.12± 0.03 (6) 1.02± 0.01 (3)
120 mm
Anerobiosis,
60 mm
Aerobiosis, 0.37± 0.01 (6) 1.64± 0.09 (3)
60 mm
a Conditions as in Table 1. Anaerobiosis produced by using
95% N2-5 % CO2 for preparation of the Krebs-Ringer Buffer
and for the gas atmosphere. Results are expressed as the mean
SEM. Numbers in parentheses are the numbers of determina-
tions.
"Not significantly different from control. All other experimental
values differ from controls with a P< 0.001
1.6
1.4
1.2 -
1.0
0.8
< 0.6
0.4
0.2
z I
t
______
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Effect of metabolic inhibitors and anaerobiosis on tissue
ATP. A 60 mm incubation with known inhibitors of
oxidative phosphorylation including amytal, dinitrophenol
and oligomycin was associated with an 85 % decrease from
the 0.94 jsmoles/g ATP of control tissues (Table 2). Maleic
acid, a sulfhydryl inhibitor, and 2-deoxyglucose which is
phosphorylated but not further metabolized, and there-
fore a trap for ATP, produced comparable modest deple-
tion of ATP (0.55 and 0.64 j.tmoles/g, respectively).
Incubation under anaerobic conditions caused rapid
ATP depletion which appeared to be progressive with time
(Fig. 1). The level of ATP after 120 mm of anaerobiosis
was comparable to that seen on addition of amytal,
dinitrophenol and oligomycin (Table 2). A switch to
aerobic incubation after 60 mm of anaerobiosis was
followed by a significant increase in ATP content to
0.37 lsmoles/g, a value which is far from that of control
slices (Fig. 1).
Effect of 4° C storage on kidney cortex ATP. Tissue
stored 24 hr at 4° C in Krebs-Ringer bicarbonate buffer
contained 0.69 jimoles/g tissue, a value much less than fresh
slices placed in iced buffer which possessed 1.49 j.,moles/g
(Table 3). Incubation of the 24 hr stored slices at 37° C
produced no significant increase, an average level of
0.73 jimoles/g ATP being maintained throughout the
150 mm of incubation (Fig. 1). Continued storage at 4° C
was associated with a progressive decrease in tissue ATP
which was 0.48 jsmoles/g after 72 hr.
Relation of ATP content with uptake of AIB. The accumu-
lation of AIB after 60 mm of incubation under the variety
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Storage Time
hr
ATP
pmoles/g wet weight
AIB Uptake,
distribution ratio
0 1.49 0.06 (3)
0d 0.94±0.03 (7) 3.24± 0.18 (4)
24 0.69± 0.06 (7)C 3.20± 0.15 (6)
24d 0.71 0.04 (3)b
48 0.55±0.03 (4)C 3.10±0.15 (6)
72 0.48±0.02 (4)C 2.90±0.18 (6)
a Slices were stored in Krebs-Ringer Buffer at 4° C as described
previously. The ATP values in stored tissue were determined
without prior incubation at 37° C except for that stored 24 hr
which was incubated as described in Table 1. AIB uptake was
determined after 60 mm incubation at 37° C. All results are
expressed as the mean SEM. Numbers in parentheses are the
numbers of determinations.
Differs from 0 hr incubated with P< 0.01
C Differs from 0 hr unincubated with P< 0.001
d Slices incubated 60 mm at 37° C before ATP assay
of exerimental manipulations is shown in Tables 1, 2 and
3 and graphically in Fig. 2. Control slices with ATP of
0.94 tmoles/g had an AIB distribution ratio of 3.24. Normal
uptake of AIB occurred over a wide range of ATP levels.
The lowest ATP level, 0.38 imoles/g, with a normal AIB
distribution ratio was observed in the presence of octanoate;
2-deoxyglucose and storage for 24 hr or more produced
comparable decreases in ATP to about 0.6 jsmoles/g with-
out change in AIB uptake. The addition of ATP to the
Fig. 2. Relation between ATP content of kidney cortex slices and
the ability to accumulate c-aminoisobutyric acid 1-14C. Incubation
was for 60 mm under conditions described under Methods.
Alpha-aminoisobutyric acid accumulation on the abscissa is
expressed as the distribution ratio, cpm/ml intracellular fluid
to cpm/ml medium. —.— control, —e— 24 hr stored, —— 48 hr
stored, —o — 72 hr stored: Addition of —o—octanoate, —.— maleic,
—[I— DNP, —— amytal, —— oligomycin, —i'— 2-deoxyglucose,
—>— sodium acetate, and —v— ATP. —A— anaerobiosis 60 mm,
— — anaerobiosis 120 mm, —v — anaerobiosis 60 mm plus aerobic
60 mm.
medium increased tissue ATP to 1.37 llmoles/g without
increasing the AIB distribution ratio.
Anaerobiosis and the metabolic inhibitors amytal,
dinitrophenol and oligomycin known to affect oxidative
phosphorylation markedly decreased both the ATP level
and AIB uptake. Addition of sodium acetate raised the
normal ATP slightly but was associated with a significant
decrease in AIB uptake, a change in distribution ratio
from 3.24 to 2.38. Glucose and galactose caused a decrease
in AIB uptake which was only of borderline statistical
significance. Higher levels of these sugars will cause con-
siderable decrease in amino acid uptake. Such a decrease
can also be produced by the addition of a non-meta-
bolizable sugar a-methylglucoside [19].
Several situations seem to indicate that ATP levels
per se do not influence AIB uptake. Addition of maleic
acid reduces ATP from 0.94 to 0.55 tmoles/g and causes
a marked reduction in AIB uptake. Addition of 2-deoxy-
glucose and storage of slices at 4° C are associated with
a decrease of ATP without a decrease in AIB distribution
ratio. During recovery from anaerobiosis by incubation
of slices in an oxygenated medium for 60 mm, ATP is
0.37 limoles/g and the AIB distribution ratio is 1.64 whereas
added octanoate produces ATP levels of 0.38 jjmoles/g
and a normal AIB distribution ratio of 3.20.
Under no circumstance was the addition of met-
abolizable substrates able to increase the AIB uptake above
that seen in control slices. Even ATP addition was in-
effective in increasing AIB uptake, although Weidemann,
Hems and Krebs have reported an increase in glucose
uptake by rat kidney cortex slices exposed to ATP [18].
Discussion
Table 3. Effect of prior storage at 4° C on kidney cortex slice
ATP content and AIB uptakea
V1.4
1.2
1.0
0.8
0.6 -
0.4- V
£
0.2
0.4 0.8 1.2 1.6 2.0 2.4
Distribution ratio
2.8 3.2 3.6
The level of ATP in incubated rat kidney cortex slices
of 0.94 itmoles/g is approximately half of the values
reported for rat kidney cortex where tissue was obtained
directly from the animal [16, 17]. The value we obtained
is the same as that found by Nagata and Rasmussen [20]
e for cortical slices and prepared tubules incubated up to
20 mm in Krebs-Ringer bicarbonate and quickly frozen.
It is also similar to 0.98 iimoles/g reported by Weidemann,
Hems and Krebs [21] for rat kidney perfused with glucose
containing saline. It is apparent that the many studies
using the kidney slice as a model system to study non-
electrolyte transport [1—15] were performed under condi-
tions where ATP tissue content was not at the level found
in vivo. Why the freshly prepared incubated slices have a
lower level of ATP than observed in vivo may be due to a
variety of reasons such as relative tissue anoxia [16, 17]
or possible leakage of nucleotides from the cell.
The fuel of respiration of rat kidney cortex slices has
been extensively studied by Weidemann and Krebs [22].
Cortical slices have a high level of oxygen consumption
and CO2 production in saline buffer, the endogenous fuel
believed to be lipid. Cortical slices can metabolize various
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substrates including those studied here. From the experi-
ments of Weidemann and Krebs it may be calculated
that during one hour of incubation hundreds of psmoles
of ATP should be generated per gram of wet tissue in
buffer alone. This points up the fact that we are measuring
a steady-state ATP level and that there is a rapid dynamic
state of ATP in the slice. Transport of amino acids may be
associated more closely with ATE production and turnover
rather than steady-state levels.
Likewise, the fluxes of AIB rather than the steady-state
level may have a more direct relationship to the level
of ATP. These have been examined by multicompartmental
analysis in the case of dinitrophenol [3] and maleic acid
[5]. In each instance there is a decrease in total flux, with
a marked increase in efflux rate constant as well as a
decrease in influx rate constant. Efflux appears to be
accelerated when metabolic inhibitors are present and this
accounts in part for the decrease in steady-state levels.
However, maleic acid which accelerates efflux much more
than dinitrophenol is associated with a higher ATP level
than the phenol.
It has been postulated that most of the oxygen consumed
and ATP utilized in the kidney is employed to maintain
the sodium transport process [23, 24]. Medium sodium
concentration is important for amino acid transport,
especially AIB [4, 10]. Conditions such as anaerobiosis
and dinitrophenol and maleic acid addition are associated
with the inhibition of sodium pumping [9, 25] and decreased
AIB uptake, whereas tissue stored at 4° C and reincubated
at 37° C pumps sodium normally [26] and has normal
AIB uptake. It may be that depression of ATP levels
associated with inhibition of sodium pumping lowers AIB
transport whereas depression of ATE levels by other
manipulation does not affect AIB uptake.
The effects of ATP added to the medium deserve some
comment. Effects on carbohydrate metabolism have been
extensively studied by Weidemann, Hems and Krebs in
both kidney cortex slices [18] and perfused kidney [21].
In perfused kidney the tissue ATP level rose from a control
of 0.98 to 3.30 j.tmoles/g, a result similar to our observa-
tion that ATP increases in slices incubated with the nude-
otide. Glucose uptake was stimulated without effect on 02
consumption and gluconeogenesis inhibited with accumu-
lation of glycolytic intermediates. Since we observed no
effects of ATP addition on AIB uptake it seems reasonable
to conclude that none of these events observed by Krebs
and his associates perturb the mechanisms for active
transport of amino acids. It is possible that the ATP in-
creased in the tissue as well as the events resulting from
ATP breakdown on its addition are compartmentalized
and separate from the membrane transport function.
Recently, Banay-Schwartz, Piro and Lajtha [27] have
reported their studies of the relationship of ATP levels
to amino acid transport in mouse brain slices. They found
that although the decrease in uptake of amino acids and
the induced decrease in ATP were parallel under a number
of experimental conditions, there were others in which
uptake was low with high ATP levels and high with low
levels of ATP. In a group of experiments in which they
added AMP, ADP and ATP to the incubation medium,
increased ATP levels in intracellular water resulted but
amino acid uptake was inhibited. This was not the case
in our experiments with ATP addition to kidney slices
where despite the increase in ATP to assumed in vivo levels,
no change in amino acid uptake occurred. It should be
pointed out again that brain slices incubated without
metabolic fuel show an almost complete depletion of ATP
which is restored during in vitro incubation with glucose.
Kidney ATP levels in slices incubated in vitro are not
totally depleted and are not raised to in vivo levels by.
glucose.
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